Pancreatic adenocarcinomas display foci of duct-like structures that are positive for markers of pancreatic ductal cells. The development of these tumors is promoted by conditions leading to acinar-to-ductal metaplasia, a process by which acinar cells are replaced by ductal cells. Acinar-to-ductal metaplasia has recently been shown to proceed through intermediary cells expressing Nestin. To create an in vitro system to study pancreatic adenocarcinomas, we had used an hTERT cDNA to immortalize primary cells of the human pancreas. In this report, we show that the immortalized cells, termed hTERT-HPNE cells, have the ability to differentiate to pancreatic ductal cells. Exposing hTERT-HPNE cells to sodium butyrate and 5-aza-2 0 -deoxycytidine lead to the formation of pancreatic ductal cells marked by the expression of MDR-1, carbonic anhydrase II, and the cytokeratins 7, 8, and 19. hTERT-HPNE cells were found to have properties of the intermediary cells formed during acinar-to-ductal metaplasia, which included their undifferentiated phenotype, expression of Nestin, evidence of active Notch signaling, and ability to differentiate to pancreatic ductal cells. These results provide further evidence for the presence in the adult pancreas of a precursor of ductal cells. hTERT-HPNE cells should provide a useful model to study acinar-to-ductal metaplasia and the role played by this process in pancreatic cancer development. 1 Despite increased research, pancreatic adenocarcinomas have an extremely poor prognosis and still lack early diagnostic and therapeutic modalities. At the time of diagnosis, 80% of these tumors have already spread beyond the gland to regional lymph nodes, the liver, and other sites. Pancreatic adenocarcinomas display duct-like structures and are positive for markers of pancreatic ductal cells, such as carbonic anhydrase II and cytokeratin 19 (CK19).
Pancreatic adenocarcinoma is the fourth most common cause of cancer fatalities in the Western World. 1 Despite increased research, pancreatic adenocarcinomas have an extremely poor prognosis and still lack early diagnostic and therapeutic modalities. At the time of diagnosis, 80% of these tumors have already spread beyond the gland to regional lymph nodes, the liver, and other sites. Pancreatic adenocarcinomas display duct-like structures and are positive for markers of pancreatic ductal cells, such as carbonic anhydrase II and cytokeratin 19 (CK19). [2] [3] [4] [5] [6] Recent studies have identified pancreatic intraepithelial neoplasia (PanIN) as a premalignant lesion. 7 PanIN lesions form flat or papillary structures displaying various degree of dysplasia, with the most dysplastic lesions resembling carcinomas in situ. Importantly, these lesions carry some, but not all, of the genetic alterations found in pancreatic adenocarcinomas. 7 PanIN-1 lesions display mutations in K-Ras; PanIN-2 lesions carry additional lesions affecting the INK4a locus; while the PanIN-3 lesions also show a loss of p53 and/or Smad4. [8] [9] [10] [11] As shown in recent studies, conditions leading to acinar-to-ductal metaplasia can promote the formation of PanIN-like lesions in the pancreas. 12, 13 In transgenic mice engineered to overexpress transforming growth factor alpha (TGFa) under the control of the acinar-specific elastase-1 promoter, acinar cells are replaced by a metaplastic ductal epithelium from which PanIN-like lesions and pancreatic adenocarcinoma develop. Crossbreeding these animals with p53 knockout increases the incidence of cancer, giving rise to tumors that display hallmarks of pancreatic adenocarcinoma, including the expression of CK19, frequent deletions of the INK4a locus, and loss of heterozygosity involving Smad4. 13 Histologically, direct transitions between metaplastic and neoplastic epithelia were demonstrated, with gradual progression observed along contiguous areas. 12, 13 A similar metaplasia/ neoplasia sequence has also been observed in human pancreatic cancer.
14 Acinar-to-ductal metaplasia can be reconstituted in vitro starting with tissue explants or primary cultures of acinar cells. [15] [16] [17] Within a week of exposure to TGFa, acinar-specific markers are replaced by markers of pancreatic ductal cells. In a recent study, this process required Notch signaling and proceeded through intermediary cells expressing Nestin, a marker of the developmental precursors of the exocrine pancreas. 15, 18, 19 While Notch pathway components are normally limited to rare cells of the ductal epithelia, pancreatic carcinogenesis give rise to neoplastic cells that are marked by the overexpression of these components. 15 This upregulation of Notch pathway components in pancreatic cancer is consistent with the involvement of acinar-to-ductal metaplasia in disease development.
A major obstacle to rapid progress in the field of pancreatic cancer research has been the lack of a human-based cell culture system to study and recapitulate the various steps of the disease. Immortal lines of normal human cells derived from the exocrine pancreas would provide such systems. We and others have shown that the catalytic subunit of human telomerase (hTERT) can immortalize primary human cells without changing their phenotypic properties or causing cancer-associated changes. [20] [21] [22] [23] In a previous report, we used an hTERT cDNA to immortalize primary human cells isolated from the exocrine pancreas, and showed that the immortalized cells were diploid and expressed wild-type K-Ras, p53 and p16
INK4a . 24 In this report, we show that these hTERT-immortalized cells, designated as hTERT-HPNE (human pancreatic Nestin-expressing) cells, have properties similar to that of the intermediary cells produced during acinar-to-ductal metaplasia. The properties that the hTERT-HPNE cells shared with these intermediary cells included their undifferentiated phenotype, expression of Nestin, evidence of active Notch signaling, and ability to differentiate to pancreatic ductal cells. These findings confirm the presence in the adult pancreas of a precursor of ductal cells. They additionally validate the hTERT-HPNE cells as model system to study acinar-to-ductal metaplasia and the role played by this process in pancreatic cancer development.
Materials and methods

Materials
Total RNA from the human pancreas and the fetal human brain were respectively purchased from BD Biosciences Clontech (Palo Alto, CA, USA) and Stratagene (La Jolla, CA, USA). Fetal bovine serum (FBS) and cosmic calf serum were from HyClone (Logan, UT, USA). RPMI, DMEM, DMEM:F12 (1:1), human recombinant epidermal growth factor (EGF), streptomycin, penicillin G, nystatin and gentamycin were purchased from Invitrogen Corp. (Carlsbad, CA, USA). Puromycin, propidium iodide, 5-aza-2 0 -deoxycytidine and sodium butyrate were obtained from Sigma-Aldrich (St Louis, MO, USA).
Tissue Culture Conditions
The establishment of hTERT-HPNE cells was previously described. 24 Briefly, an islet-depleted Ficoll fraction derived from the pancreas of a 52-year-old organ donor was handpicked under the microscope to enrich for ductal fragments. The ensuing mixture of ducts and acini was seeded in plastic dishes to yield a primary culture, which was then treated with an antifibroblast antibody and a rabbit complement to eradicate fibroblastic contamination. The surviving cells were subsequently immortalized with the catalytic subunit of human telomerase (hTERT) to yield the hTERT-HPNE cells.
hTERT-HPNE cells were maintained at 371C in a humidified atmosphere containing 5% CO 2 . Medium D was used to grow and expand hTERT-HPNE cells. Medium D contains one volume of medium M3, three volumes of glucose-free DMEM, 5% FBS, 5.5 mM glucose, 10 ng/ml EGF, and 50 mg/ml gentamycin. Medium M3 is a defined proprietary formulation optimized for the growth of neuroendocrine cells (InCell Corp., San Antonio, TX, USA). Primary fibroblasts from the human pancreas were grown in DMEM supplemented with 5% FBS and 50 mg/ml gentamycin. hTERT-IMR90, Panc1, U2OS, SW13, and SW39 cells were maintained in DMEM supplemented with 10% cosmic calf serum and 50 mg/ml gentamycin. HPAF cells were expanded in RPMI supplemented with 10% FBS. Treatment of hTERT-HPNE cells with sodium butyrate and 5-aza-2 0 -deoxycytidine were performed on exponentially growing cells by the addition of 5-aza-2 0 -deoxycytidine (5 mM) and/or sodium butyrate (5 mM) to medium D, with the agents respectively added 3 and 2 days before harvesting the cells.
Isolation and Characterization of hTERT-HPNE Clones
To allow colony formation from individual cells, hTERT-HPNE cells were seeded at 200 cells per 150 mm dish (176.6 cm 2 ). After 2 weeks, the 30-60 colonies that formed were trypsinized individually with the use of a cloning ring. Individual colonies were transferred onto separate wells of a 24-well plate. After serial expansion onto dishes of incrementing surface (9.6, 25, 75 and then 175 cm 2 ), individual clones were counted and characterized for their ability to induce CK19 and for the presence of Nestin, Notch2, Jagged1, and hairy/enhancer of split 1 (HES1). Frozen stocks of each clone were made, which were kept at À1351C.
Isolation of Primary Fibroblasts from the Human Pancreas
Human pancreatic fibroblasts, which we used as negative controls, were established from a tissue sample (1 Â 1 Â 3 cm 3 in size) dissected from the head of a human pancreas, which we obtained following the accidental death of a 15-year-old male. The sample was minced into small fragments (B1 mm 3 in volume) that were dissociated for 2 h at 371C in DMEM/F12 (1:1) containing 2 mg/ml collagenase (EC 3.4.24.3 from Clostridium histolyticum type I; Sigma, St Louis, MO, USA), 100 mg/ml gentamycin, 100 mg/ml streptomycin, 100U/ml penicillin G, and 100U/ml nystatin. This tissue preparation was forced through the tip of a 25 ml pipette and then a 10 ml pipette (10 times each).
After washing the dispersed cells with DMEM/F12 containing 5% FBS and then with serum-free DMEM/F12, cells were seeded in DMEM supplemented with 5% FBS, 100 mg/ml gentamycin, 100 mg/ml streptomycin, 100U/ml penicillin G, and 100U/ml nystatin. On the following day, the medium was exchanged for DMEM supplemented with 5% FBS and 50 mg/ml gentamycin. Cells were expanded in this medium until first confluence, at which point population doublings were arbitrarily set to 0.
RT-PCR Analysis
Total RNA was extracted using the RNeasy s Mini Kit (Qiagen, Valencia, CA, USA). Genomic DNA contamination was eliminated using an RNase-free DNase according to the manufacturer (Qiagen, Valencia, CA, USA). Reverse transcriptions and polymerase chain reaction (PCR) amplifications GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GFAP: glial fibrillary acidic protein; PECAM-1: platelet endothelial cell adhesion molecule-1; HES1: hairy/enhancer of split 1; MDR: multidrug resistance. For each primer pair used, the sequence of the forward (top) and reverse (bottom) primers is given with the accession number of the genebank entry from which they were derived. The right column indicates the size of the expected PCR products (in base pairs).
were performed as described previously. 24 Sequences of PCR primers used and sizes of expected products are listed in Table 1 . Annealing temperatures (52-601C) were calculated using the 'prime' feature of the GCG package. Amplifications were for 25-35 cycles, depending on the PCR primer pair. PCR products were resolved by agarose gel electrophoresis and revealed with ethidium bromide (0.5 mg/ml).
Western Blot Analysis
Cells were washed with PBS, harvested by scraping, and lysed in a buffer containing 0.5% Igepel CA30, 0.5% deoxycholic acid, 120 mM NaCl, 2 mM EDTA, and 40 mM Tris-HCl pH 8. Western blot analyses were performed as described previously. 24 Primary antibodies included mouse monoclonal antibodies against Nestin (clone 25; BD Biosciences, San Jose, CA, USA), CK19 (clone A53-B/A2; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and Notch2 (clone C651.6DbHN; Developmental Studies Hybridoma Bank, Iowa City, IA, USA). To confirm equal loading, blots were stripped and reprobed with a goat polyclonal antibody against cytoplasmic actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Immunofluorescence
Cells seeded on glass coverslips were washed in Hanks' balanced salt solution (Sigma-Aldrich, St Louis, MO, USA) and fixed at room temperature for 30 min in HistoChoice (AMRESCO Inc., Solon, OH, USA). Cells were washed with PBS, exposed to À201C methanol for 2 min, and then washed with PBS. After blocking the samples for 30 min in PBS containing 10% goat serum, primary antibodies against CK19 and/or Nestin were added to a final dilution of 1:100. As primary antibodies, we used a mouse monoclonal antibody against CK19 (clone A53-B/A2; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and a rabbit polyclonal antibody directed against Nestin (CHEMICON International, Temecula, CA, USA). After 1 h, samples were washed with PBS containing 10% goat serum, and signals were revealed by the addition of fluorescently labeled secondary antibodies. Secondary antibodies used were a fluorescein isothiocyanate-conjugated (FITC) anti-mouse immunoglobulin (IgG) antibody and/ or a Texas red-conjugated anti-rabbit IgG antibody (diluted 1:100 in PBS containing 10% goat serum; Jackson Immunoresearch Lab., West Grove, PA, USA). After 1 h, samples were washed with PBS containing 10% goat serum and then with PBS. Samples were mounted in 4 0 -6-diamidino-2-phenylindole (DAPI)-containing Vectashield (Vector Laboratories, Burlingame, CA, USA) or else were stained with propidium iodide (1 mg/ml), washed with distilled water, and subsequently mounted in Fluoromount-G (Southern Biotechnology Associates Inc., Birmingham, AL, USA). Images were viewed using a Zeiss Axiovert 200M microscope equipped with an ORCA-ER digital camera (Hamamatsu Photonics, Hamamatsu City, Japan). Images were collected and processed using the OpenLab software of Improvision Inc. (Boston, MA, USA).
Results
hTERT-HPNE Cells Display Evidence of Active Notch Signaling
Acinar-to-ductal metaplasia can be recapitulated in vitro starting with primary cultures of pancreatic acinar cells. 25 In vitro, this conversion proceeds through the formation of short-lived intermediates marked by the expression of Nestin. 15 In a previous report, we had used an hTERT cDNA to immortalize primary human cells of the adult pancreas, and found that the hTERT-immortalized cells expressed Nestin (Figure 1a-c) . 24 In this report, we asked whether these cells, designated as the hTERT-HPNE cells, might represent an immortalized population of intermediary cells, such as those generated during acinar-to-ductal metaplasia. In the adult pancreas, Nestin is also expressed in endothelial and stellate cells. 15, 26, 27 To distinguish between these possibilities, hTERT-HPNE cells were examined for the presence of other markers of endothelial cells (platelet endothelial cell adhesion molecule-1 (PECAM-1), thrombomodulin, and VE-cadherin), stellate cells (desmin, glial fibrillary acidic protein (GFAP)), and acinar-to-ductal intermediates (Notch pathway components). 15, 26, 28, 29 Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis showed that the hTERT-HPNE cells lacked the expression of markers of endothelial and stellate cells (Figure 1a) . While absent from the hTERTimmortalized cells, all of these markers could readily be detected in the human pancreas with the exception of GFAP (Figure 1a) . GFAP was absent from the human pancreas, but was detected in the human fetal brain (data not shown). These results indicated that the hTERT-HPNE cells were devoid of stellate and endothelial cells.
As documented by Western blot and RT-PCR, numerous components of the Notch-signaling cascade were expressed in hTERT-HPNE cells (Figure  1a-c) . These components included a Notch receptor (Notch2), a Notch ligand (Jagged1), and a downstream target of this pathway (the HES1 gene). Neither Nestin nor Notch2 were detected in a primary culture of human pancreatic fibroblasts, thereby excluding fibroblasts as a possible source of hTERT-HPNE cells (Figure 1b) . To further characterize the hTERT-immortalized population, hTERT-HPNE cells were seeded at clonal density to allow the formation of colonies from individual cells. Separate clones were subsequently examined for the presence of Nestin and Notch pathway components. Of 14 clones analyzed, all contained the Nestin mRNA ( Figure 1c ; data not shown). As shown in Figure 1c , similar results were observed for Notch pathway components, including the Notch2 (5/5 colonies), Jagged1 (5/5 colonies) and HES1 (5/5 colonies) mRNAs. These findings indicated that the hTERT-HPNE population was homogenous for the presence of cells that coexpressed Nestin with components of the Notch pathway. Coexpression of these markers had previously been observed in the intermediary cells formed during acinar-to-ductal metaplasia, 15 thereby suggesting that hTERT-HPNE cells might be related to these intermediates.
hTERT-HPNE Cells have the Intrinsic Ability to Differentiate to Pancreatic Ductal Cells
During acinar-to-ductal metaplasia, intermediary cells are only transiently observed before they spontaneously convert to pancreatic ductal cells. 15 Thus, the long-term cultivation of these short-lived intermediates would be predicted to require alterations inhibiting their spontaneous conversion to ductal cells. To examine whether epigenetic alterations involving changes in chromatin structure and/ or promoter methylation might be blocking their differentiation, hTERT-HPNE cells were exposed to inhibitors of histone deacetylases (sodium butyrate) and DNA methyltransferases (5-aza-2 0 -deoxycytidine), and were subsequently examined for the expression of CK19, a protein of the intermediary filaments whose expression in the pancreas is limited to the ducts. 5, 6 Our analysis revealed that the exposure of these cells to both sodium butyrate and 5-aza-2 0 -deoxycytidine results in the induction of CK19, as detected by Western blot (Figure 2a) , RT-PCR (Figures 2b and 5a ) and immunofluorescence ( Figures 3 and 4) . As shown by Western blot analysis, the CK19 protein was readily detected in cells exposed to the two drugs, but was undetectable in those treated with no drugs or with either drug alone (Figure 2a ). This induction of CK19 in hTERT-HPNE cells was observed in 3 of 3 independent experiments. Importantly, exposure to sodium butyrate and 5-aza-2 0 -deoxycytidine did not result in the induction of CK19 in other unrelated human cell lines (Figure 2a) , which included U2OS ovarian cancer cells, hTERT-expressing IMR90 fibroblasts, and two lines of SV40-immortalized fibroblasts (termed SW13 and SW39). These results demonstrate that the induction of CK19 by the two drugs is strictly cell type-specific and an intrinsic property of the hTERT-HPNE cells.
To validate our Western blot analysis, alternate methods were used to corroborate the expression of CK19 in hTERT-HPNE cells. Likewise, RT-PCR analysis confirmed the presence of the CK19 mRNA in hTERT-HPNE cells exposed to both sodium butyrate and 5-aza-2 0 -deoxycytidine (Figure 2b ). While both drugs were needed to induce this message to its maximal level, the CK19 mRNA could still be detected in cells treated with 5-aza-2 0 -deoxycytidine alone. This induction of the CK19 mRNA in hTERT-HPNE cells was detected in 2 of 2 independent experiments. Immunofluorescence with an anti-CK19 antibody also confirmed the induction of the marker by the two drugs. Untreated populations of hTERT-HPNE cells lacked CK19 expression, while those treated with sodium butyrate and 5-aza-2 0 -deoxycytidine contained abundant CK19-expressing cells (Figure 3) . In cells that were positive, the antibody labeled a network of filaments localized in the cytoplasm. High levels of CK19 were Figure 3 Detection of CK19 in hTERT-HPNE cells by immunofluorescence. hTERT-HPNE cells exposed to no drug (a) or to both sodium butyrate and 5-aza-2 0 -deoxycytidine (b) were stained with an anti-CK19 mouse monoclonal antibody, which was subsequently detected by the use of a secondary antibody conjugated to FITC. In cell populations treated with the two drugs, CK19-positive cells are observed that display a green fluorescent network of cytoplasmic filaments. In both cell populations, nuclei are stained red by the use of propidium iodide. Magnification equals Â 100. (Figure 2a and b) .
To assess whether this partial conversion to CK19 positivity might result from population heterogeneity, hTERT-HPNE cells were plated at clonal density to allow the formation of colonies from individual cells. Seven separate clones were subsequently tested for their ability to induce CK19 following sodium butyrate and 5-aza-2 0 -deoxycytidine. Before drug treatment, all clones were positive for Nestin and none displayed CK19 expression (data not shown). As documented by immunofluorescence, all of the seven clones gave rise to 10-20% CK19-expressing cells following drug exposure (data not shown). Hence, this incomplete conversion of hTERT-HPNE cells could not be attributed to population heterogeneity. This analysis additionally showed that Nestin-positive clones can give rise to CK19-expressing cells, thereby implying a precursor-progeny relationship between these cell types. This possibility was directly tested in experiments of dual-color immunofluorescence performed with antibodies against CK19 and Nestin. Following exposure to the two drugs, Nestin expression decreases concomitantly with the induction of CK19 (Figure 5a ; data not shown). To establish that the CK19-expressing cells were derived from precursors that contained Nestin, we used dual-color immunofluorescence to detect transitional cells coexpressing the two markers. Our data show that Nestin was still present, albeit at lower levels, in all of the CK19-positive cells detected post-treatment (Figure 4 ). These findings demonstrate that the CK19-expressing cells are derived from Nestinpositive precursors, and not from other minor components of the hTERT-HPNE population.
To delineate the extent of the phenotypic changes elicited by the two drugs, we extended our analysis to markers of the endocrine pancreas and other markers of pancreatic ductal cells, including carbonic anhydrase II (CAII), p-glycoprotein (multidrug resistance (MDR-1)), as well as CK7 and CK8. In the adult pancreas, these four markers are normally limited to the ducts, with the exception of the expression of CK8 in both ducts and acini. 5, 30, 31 RT-PCR analysis showed that several markers of pancreatic ductal cells were concomitantly induced by the two drugs, including carbonic anhydrase II, CK7, CK8 and CK19 (Figure 5a ). These markers were absent from the untreated cells but could readily be detected following drug treatment. Ductal marker MDR-1 was present both before and after drug treatment, and was modestly induced by the two drugs (Figure 5a) . In contrast to markers of pancreatic ductal cells, expression of Notch2 and Nestin was respectively unchanged and decreased after treatment with two drugs (Figure 5a ). hTERT-HPNE samples were also examined for the expression of markers of the endocrine pancreas, including insulin, glucagon, and somatostatin. These endocrine cell markers were absent from all of the hTERT-HPNE samples, but could readily be detected in a sample of human pancreatic RNA, which served as positive control (Figure 5b) . Results from this analysis revealed that the effects of the combined drug treatment were gene specific, causing individual markers to be unaffected, induced, or else repressed by the two drugs. These coordinated changes produced a phenotype nearly identical to that of Panc1 cells, a tumorigenic derivative of pancreatic ductal cells (Figure 5a ; compare lanes 1 and 5). Collectively, these results indicate that the hTERT-HPNE cells have the ability to give rise to pancreatic ductal cells.
Discussion
Pancreatic adenocarcinoma is the fourth most common cause of cancer deaths in the Western World. 1 Pancreatic adenocarcinomas have an extremely poor prognosis and lack early diagnostic and therapeutic modalities. Mounting evidence now suggests that acinar-to-ductal metaplasia plays a vital role in the initiation of pancreatic cancer development. [12] [13] [14] [15] In vitro, this process has been determined to proceed through intermediary cells characterized by the expression of Nestin as well as evidence of active Notch signaling. 15 To study acinar-to-ductal metaplasia and its role in pancreatic cancer development, an established line of these intermediary cells would represent an invaluable tool. In a previous report, we had used an hTERT cDNA to establish the hTERT-HPNE cells, and found that the cells expressed Nestin. 24 In this report, we show that the hTERT-HPNE cells have properties identical to that of the intermediary cells observed during acinar-to-ductal metaplasia. Characteristics that the hTERT-HPNE cells shared with these shortlived cells included their undifferentiated phenotype, expression of Nestin, evidence of active Notch signaling, and ability to differentiate to pancreatic ductal cells. These similarities suggest that the hTERT-HPNE cells represent an immortalized population of these intermediary cells.
DNA methyltransferases and histone deacetylases are components of epigenetic mechanisms that regulate gene transcription. 32 In this report, we show that inhibitors of these enzymes synergize to convert hTERT-HPNE cells to pancreatic ductal cells. Multiple lines of evidence suggest that a differentiation program intrinsic to the hTERT-HPNE cells is engaged during this conversion. First, the two inhibitors did not cause a general derepression of gene transcription, but instead produced specific changes in gene expression. Thus, depend- ing on the marker, expression was unchanged, induced, or else repressed by the two drugs ( Figure  5a, b) . Second, these coordinated changes were not random. Instead, they cooperated to give rise to a unique phenotype, which was indistinguishable from that of pancreatic ductal cells (Figure 5a ). Third, this response to the two inhibitors was specific to the hTERT-HPNE cells, as these drugs failed to induce similar changes in other unrelated human cell lines (Figure 2a ). These observations show that the hTERT-HPNE cells have the ability to initiate a differentiation program that converts them to pancreatic ductal cells. Our results show that sodium butyrate and 5-aza-2 0 -deoxycytidine synergize to initiate this program in 10-20% of cells. While the extent of this conversion may be partial, it should be noted that incomplete responses to the differentiation-promoting activities of these inhibitors have also been reported in other systems. 33, 34 Importantly, partial conversions were similarly obtained with clones of hTERT-HPNE cells, thereby excluding population heterogeneity as an explanation for the incomplete response. Others have proposed that many cells may not be responding to demethylation agents because of their low efficiency of DNA incorporation, subsequent DNA demethylation, or toxicity. 35 hTERT-HPNE cells were derived from an isletdepleted Ficoll fraction, which likely contained ducts, acini, and other contaminants. Yet, our current data show that these cells have become homogenous for the expression of Nestin and Notch pathway components, as shown by clonal analysis (Figure 1c ) and immunofluorescence ( Figure 4) . From which components of the original Ficoll fraction did these cells come from? In the adult pancreas, Nestin is expressed by several distinct cell types, whereas Notch receptors are absent from most cells. 15, 18, 26, 27 An intriguing possibility would be that the hTERT-immortalized cells were the product of acinar cell dedifferentiation. Once exposed to ex vivo culture conditions, acinar cells readily and effectively convert to pancreatic ductal cells. 16, 17, 36 This conversion requires Notch signaling and has been shown to proceed through the formation of a Nestin-positive intermediate. 15 Accordingly, hTERT-HPNE cells may be composed of acinar cells that have become arrested at this intermediary stage of acinar-to-ductal metaplasia. This possibility is supported by our findings that the hTERT-immortalized cells are positive for Nestin expression, display evidence of Notch signaling, and can give rise to pancreatic ductal cells.
Little is known of the intermediary cells formed during acinar-to-ductal metaplasia, in particular whether they represent multipotent stem cells, lineage-restricted precursors, or intermediary states in a transdifferentiation process. While these drugs may not specifically be conducive to endocrine differentiation, the absence of islet cell markers in the drug-treated hTERT-HPNE cells suggests that these intermediary cells may be limited to the acinar-ductal axis. An intriguing possibility would be that these cells are the adult equivalent of the Nestin-positive cells that serve as developmental precursors of the exocrine pancreas during embryogenesis. 18, 19 The hTERT-HPNE should represent an ideal model system to investigate the biological properties of acinar-to-ductal intermediates as well as their relationship to the developmental precursors of the pancreas. Very significantly, mounting evidence now suggests that acinar-to-ductal metaplasia plays a vital role in the initiation of pancreatic cancer development. [12] [13] [14] [15] Thus, the hTERT-HPNE cells should also provide a invaluable new system with which to study acinar-to-ductal metaplasia, as well as the role played by this process in the early stages of pancreatic cancer development. Of particular interest is the observation that the pancreatic ductal cells produced by the differentiation of hTERT-HPNE cells differs from the native ductal cells in that they express Notch2 (Figure 5a ), a marker of pancreatic cancer cells. 15 Thus, it may be the expression of Notch pathway components in neoplastic cells identify these cells as having been produced by acinar-to-ductal metaplasia, as opposed to the proliferation of pre-existing ductal epithelial cells. Our previous observation that the hTERT-HPNE cells are diploid and exempt of cancer-associated changes should make these cells ideal as starting material for studies of in vitro carcinogenesis. 24 Likewise, experiments in progress are now subjecting the hTERT-HPNE cells to oncogenic insults that mimic the initial steps of pancreatic cancer development, such as the oncogenic activation of K-Ras. Future studies should tell whether the early stages of the disease can be reconstituted by the transformation of these hTERT-immortalized cells.
